2ϩ influx through skeletal muscle Ca 2ϩ channels and the force of contraction are increased in response to ␤-adrenergic stimulation and high-frequency electrical stimulation. These effects are thought to be mediated by cAMP-dependent phosphorylation of the skeletal muscle Ca 2ϩ channel. Modulation of the cloned skeletal muscle Ca 2ϩ channel by cAMP-dependent phosphorylation and by depolarizing prepulses was reconstituted by transient expression in tsA-201 cells and compared to modulation of the native skeletal muscle Ca 2ϩ channel as expressed in mouse 129CB3 skeletal muscle cells. The heterologously expressed Ca 2ϩ channel consisting of ␣ 1 , ␣ 2 ␦, and ␤ subunits gave currents that were similar in time course, current density, and dihydropyridine sensitivity to the native Ca 2ϩ channel. cAMP-dependent protein kinase (PKA) stimulation by Sp-5,6-DCl-cBIMPS (cBIMPS) increased currents through both native and expressed channels two-to fourfold. Tail currents after depolarizations to potentials between Ϫ20 and ϩ80 mV increased in amplitude and decayed more slowly as either the duration or potential of the depolarization was increased. The time-and voltage-dependent slowing of channel deactivation required the activity of PKA, because it was enhanced by cBIMPS and reduced or eliminated by the peptide PKA inhibitor PKI (5-24) amide. This voltage-dependent modulation of the cloned skeletal muscle Ca 2ϩ channel by PKA also required anchoring of PKA by A-Kinase Anchoring Proteins because it was blocked by peptide Ht 31, which disrupts such anchoring. The results show that the skeletal muscle Ca 2ϩ channel expressed in heterologous cells is modulated by PKA at rest and during depolarization and that this modulation requires anchored protein kinase, as it does in native skeletal muscle cells.
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In vertebrate skeletal muscle, synaptic transmission from motor nerve endings initiates a sodium-dependent action potential. L-type Ca 2ϩ channels in the transverse tubule membranes are activated by depolarization and serve two critical functions. Within milliseconds these Ca 2ϩ channels undergo a conformational change that activates the sarcoplasmic reticulum Ca 2ϩ release channels via a physical coupling mechanism, resulting in Ca 2ϩ release and muscle contraction (Chandler et al., 1976; Tanabe et al., 1990; Ríos et al., 1991; Lu et al., 1994) . Calcium entry through the channels activates much more slowly and is thought to replenish intracellular Ca 2ϩ (Oz and Frank, 1991) . Activation of cAMP-dependent protein kinase (PKA) increases this current (Schmid et al., 1985; Arreola et al., 1987) , resulting in increased contractile force (Arreola et al., 1987; Huerta et al., 1991) . Basal levels of PKA activity are also required for voltagedependent potentiation, which enhances Ca 2ϩ entry through L-type channels (Sculptoreanu et al., 1993a,b; Bourinet et al., 1994) . Strong depolarizations or high-frequency stimulation typical of a tetanus potentiate Ca 2ϩ currents during subsequent depolarizations (Sculptoreanu et al., 1993b) . Potentiated channels deactivate slowly, as evidenced by slowed tail currents after potentiation (Sculptoreanu et al., 1993b; Fleig and Penner, 1995) .
Much of the Ca 2ϩ entry occurs during these tail currents because of the larger driving force at negative potentials. Potentiation requires anchoring of PKA (Johnson et al., 1994) by A-Kinase Anchoring Proteins (AKAPs) (for review, see Scott and McCartney, 1994) . The complex regulation of current through skeletal muscle Ca 2ϩ channels by protein phosphorylation and membrane depolarization contributes in a critical way to the overall regulation of muscle contraction in response to motor nerve stimulation.
Calcium channels purified from skeletal muscle are a complex of five subunits: a pore-forming ␣ 1 subunit of 190 kDa in association with an intracellular ␤ subunit, a transmembrane disulfidelinked glycoprotein dimer of ␣ 2 and ␦ subunits, and a transmembrane glycoprotein ␥ subunit (for review, see Hofmann et al., 1994; Catterall, 1995) . The ␣ 1 subunit (Tanabe et al., 1987) forms a functional voltage-gated Ca 2ϩ channel on expression in muscle or heterologous cells (Tanabe et al., 1988 (Tanabe et al., , 1990 Perez-Reyes et al., 1989) . The ␤ and ␥ subunits are products of separate genes, whereas the ␣ 2 ␦ subunits are encoded by a single gene and formed by post-translational processing (Hofmann et al., 1994; Isom et al., 1994) . The ␣ 2 ␦ and ␤ subunits modulate the function of L-type Ca 2ϩ channels, whereas the ␥ subunit, which is unique to skeletal muscle, does not have substantial effects (for review, see Hofmann et al., 1994; Isom et al., 1994) .
Skeletal muscle Ca 2ϩ channels are poorly expressed in heterologous cells, and regulation of channels composed of cloned subunits has not been successfully reconstituted. Molecular analysis of the complex regulation of skeletal muscle Ca 2ϩ channels by phosphorylation, membrane depolarization, and association with AKAPs requires expression of the cloned cDNAs for the Ca 2ϩ channel subunits, kinases, and AKAPs in a heterologous cell system to allow study of the functional and regulatory properties of wild-type and mutant forms of the proteins. In this report, we describe successful transient expression of the skeletal muscle Ca 2ϩ channel in a heterologous cell line and show that the regulatory properties of the channel composed of cloned ␣ 1 , ␣ 2 ␦, and ␤ subunits are comparable to those of native skeletal muscle Ca 2ϩ channels. Surprisingly, as in native skeletal muscle cells, anchoring of PKA by AKAPs is required for voltage-dependent potentiation of the expressed skeletal muscle Ca 2ϩ channel, implying that the nonmuscle cell has the capability of anchoring PKA near the heterologously expressed Ca 2ϩ channel.
MATERIALS AND METHODS
Molecular biology. cDNAs encoding the ␣ 1 and ␣ 2 ␦ 1 subunits cloned from rabbit skeletal muscle (Ellis et al., 1988) were provided by Drs. Steven B. Ellis, Michael M. Harpold (Salk Institute Biotechnology/Industrial Associates, Inc.) and Arnold Schwartz (University of Cincinnati College of Medicine). Two overlapping fragments of ␣ 1 cDNA (pSKMCaCH␣1.7 and 1.8) were assembled, and the entire 5Ј-noncoding region was excised to yield the construct inserted into the expression plasmid ZemRVSP6 (West et al., 1992) derived from Zem 228 (Dr. Eileen Mulvihill, Zymogenetics Corp.).
Cell culture and expression of channel subunits. Mouse skeletal muscle myotubes were differentiated from an immortalized mouse skeletal muscle myoblast line, 129CB3 (Pinçon-Raymond et al., 1991) . Myoblasts were grown in DMEM supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) in a 5% CO 2 incubator at 37ЊC. On reaching confluence, myoblasts fused to form myotubes in ϳ7 d. Nearly spherical myotubes smaller than 50 m were chosen for recording.
The ␣ 1 subunit of the rabbit skeletal muscle Ca 2ϩ channel (Ellis et al., 1988) in the ZemRVSP6 vector was expressed with the ␤ 1b (Pragnell et al., 1991) in the pMT-2 vector (Genetics Institute, Cambridge, MA) and ␣ 2 ␦ 1 subunits in the ZemRVSP6 vector. cDNAs encoding these channel subunits and the CD8 antigen (EBO-pCD-Leu2, American Type Culture Collection, Rockville, MD) were transfected into tsA-201 cells by CaPO 4 precipitation as described (Margolskee et al., 1994) . tsA-201 cells, a subclone of the human embryonic kidney cell line HEK293, which expresses SV40 T antigen (a gift of Dr. Robert Dubridge, Cell Genesis, Foster City, CA), were maintained in a monolayer culture in DMEM/ F-12 medium (Life Technologies, Gaithersburg, MD) supplemented with 10% fetal bovine serum (Hyclone), and incubated at 37ЊC in 10% CO 2 . Seventy-five percent confluent cultures of tsA-201 cells in 35 mm dishes were transfected with a total of 4 g of DNA containing an equimolar ratio of the three-channel subunit cDNAs and 0.8 g of CD8 cDNA to mark the successfully transfected cells. After addition of CaPO 4 -DNA, cells were incubated overnight at 37ЊC in 5% CO 2 . Twenty hours after transfection, the cells were removed from culture dishes using 2 mM EDTA in PBS and replated at low density for electrophysiological analysis. Transfectants were selected by fluorescent antibody labeling (phycoerythrin-labeled anti-CD8, Sigma, St. Louis, MO) followed by viewing, using an epifluorescence microscope (Nikon Diaphot, rhodamine filters), or by labeling with anti-CD8-coated beads (Dynal, Great Neck, NY).
Electrophysiology. Barium currents through skeletal muscle Ca 2ϩ channels were recorded using the whole-cell configuration of the patch-clamp technique. Patch electrodes were pulled from VanWaters & Rogers micropipettes and fire-polished to produce an inner tip diameter of 4 -6 m. Currents were recorded using a List EPC-7 patch-clamp amplifier and filtered at 2 kHz (8-pole Bessel filter, Ϫ3 dB). Data were acquired using Fastlab software (Indec Systems). Voltage-dependent currents have been corrected for leak using an on-line P/4 subtraction paradigm. The extracellular (bath) saline contained (in mM): 150 Tris, 2 MgCl 2 , 10 BaCl 2 ; pH was adjusted to 7.3 with methanesulfonic acid. The intracellular (patch electrode) saline contained (in mM): 130 N-methyl-Dglucamine, 10 EGTA, 60 HEPES, 2 MgATP, 1 MgCl 2 ; pH was adjusted to 7.3 with methanesulfonic acid. All experiments were performed at room temperature (20 -23ЊC) . No nonlinear outward currents were detected under these conditions. Ca 2ϩ -activated Cl Ϫ currents are a potential concern in measurements of tail currents in skeletal muscle cells and possibly in tsA-201 cells. Contamination of Ca 2ϩ channel tail current measurements by Ca 2ϩ -activated Cl Ϫ currents was prevented by using low chloride intracellular and extracellular salines yielding a calculated Cl Ϫ reversal potential (zero-current potential) of Ϫ63 mV, near the potential (Ϫ80 mV) at which Ca 2ϩ channel tail currents were measured. The reversal potential of Ba 2ϩ tail currents was more than ϩ30 mV, consistent with relatively pure Ba 2ϩ permeation, and identical tail currents were observed when Na ϩ carried current through the channel or when the Ca 2ϩ buffer EGTA (10 mM) in the intracellular saline was replaced with 10 mM BAPTA.
Sp-5,6-DCl-cBIMPS (cBIMPS) (BioLog Life Sciences Institute) was stored frozen in a 100 mM DMSO stock. The appropriate amount of this stock was either added directly to the recording chamber or first diluted to 6ϫ its final concentration in extracellular saline before addition. Ht 31 peptide (Carr et al., 1992) was synthesized and purified by HPLC in the University of Washington Molecular Pharmacology Facility with the following sequence: Asp-Leu-Ile-Glu-Glu-Ala-Ala-Ser-Arg-Ile-Val-AspAla-Ala-Val-Ile-Glu-Gln-Val-Lys-Ala-Ala-Gly-Ala-Tyr. Ht-31P peptide containing proline residues substituted for the isoleucine residues at positions 10 and 16 was synthesized and purified using the same methods. Ht 31 peptides and PKI (5-24) amide (LC Laboratories) were stored frozen in 1 mM stocks made from intracellular saline without MgATP and diluted to final concentrations (100 or 500 M and 10 M, respectively) in intracellular saline containing MgATP.
RESULTS

Expression and characterization of skeletal muscle Ca
2؉ channels Ba 2ϩ currents through native Ca 2ϩ channels in mouse skeletal muscle-derived 129CB3 cells were first detectable during test depolarizations to Ϫ20 mV (Fig. 1 A) . These currents rose slowly to maximum over several hundred milliseconds, and large tail currents were recorded on repolarization from positive test potentials. Peak currents were recorded at ϩ10 mV (Fig. 1 D) . Application of the dihydropyridine channel activator Bay K 8644 substantially accelerated activation of these Ca 2ϩ channels, slowed the tail currents approximately sixfold after pulses to the peak current potential, and shifted the voltage dependence of channel activation ϳ10 mV in the negative direction so that peak currents were recorded at 0 mV ( Fig. 1 B,D) .
Most recordings from tsA-201 cells expressing cDNAs encoding skeletal muscle Ca 2ϩ channel ␣ 1 , ␤ 1b , and ␣ 2 ␦ subunits yielded no detectable current during depolarizing test pulses, but tail currents were observed on repolarization to Ϫ80 mV in 20% (3/15) of cells. Inclusion of 10 M Bay K 8644 in the extracellular saline increased the percentage of cells with detectable currents during test depolarizations to 35% (29/82) of cells, averaging 24 Ϯ 5 pA peak current (ϮSE), and tail currents were detectable in Ͼ95% of all cells. Averaged current traces from 13 of these cells are shown in Figure 1C . The expressed Ca 2ϩ channel activated at more positive test pulse potentials than the native Ca 2ϩ channel current recorded with or without Bay K 8644 and peak current was recorded at ϩ20 mV. Because application of Bay K 8644 to the native Ca 2ϩ channel shifted the current-voltage relation by Ϫ10 to Ϫ15 mV ( Fig. 1 D) , it is possible that in the absence of Bay K 8644, activation of expressed Ca 2ϩ channels requires depolarizations approaching the reversal potential and that current through the channel during test pulses was rarely observed because of the reduced driving force. Ba 2ϩ currents were 10-fold larger in Bay K 8644-treated 129CB3 cells expressing native Ca 2ϩ channels than in cells expressing cloned skeletal muscle Ca 2ϩ channels (Fig. 1) . Part of the difference in current size between expressed and native channels is attributable to the difference in the sizes of the two cell types. The membrane capacitance of cells expressing the cloned skeletal muscle channel was 16 Ϯ 2 pF compared with 42 Ϯ 12 pF for skeletal muscle cells, consistent with a 2.6-fold larger surface area. In the presence of Bay K 8644, mean current densities were 7.6 pA /pF for native and 1.8 pA /pF for the expressed channel.
Because of the difference in driving force at the peak current potential discussed above, current densities measured for tail currents at Ϫ80 mV were substantially closer in magnitude (see below).
Tail currents of native and expressed skeletal muscle Ca 2؉ channels
Tail currents that flow during deactivation of skeletal muscle Ca 2ϩ channels on repolarization carry more Ca 2ϩ into the cell than do currents during the brief depolarization (Ͻ3 msec) caused by an action potential (Sculptoreanu et al., 1993b) . Therefore, regulation of tail current amplitude and time course is more important for intracellular Ca 2ϩ homeostasis in skeletal muscle than regulation of currents during depolarizations. Figure 2 A shows tail currents from one skeletal muscle cell (without Bay K 8644) and an average of tail currents through heterologously expressed channels from 28 cells in 10 M Bay K 8644, illustrating the increase in tail current amplitude with increasing strength of depolarization. The tail currents from native and expressed channels behaved similarly in most respects. Repolarization to Ϫ80 mV after 500 msec depolarizations to potentials that increased from Ϫ40 and ϩ80 mV elicited tail currents that increased in amplitude with increasing depolarization (Fig. 2 A,C) . In addition, the time course of tail current decay became slower with increasing depolarization (Fig. 2 B,C) . In Figure 2 B, currents have been scaled to the same peak amplitude to demonstrate this slowing. Between 0 mV and ϩ60 mV, the mean deactivation rate slowed 2.3 Ϯ 0.8-fold for the native channel and 2.8 Ϯ 0.7-fold for the expressed channel (Fig. 2C) .
The dependence of tail current activation on the duration of the preceding test depolarization was characterized by applying depolarizations to ϩ80 mV of variable duration and recording tail currents after returning to the holding potential of Ϫ80 mV. As the duration of the depolarization was increased, tail currents became larger and slower for both native and expressed channels (Fig. 3A,B) . After 50 msec depolarizations to ϩ80 mV, native Ca 2ϩ channel tail currents were 5.3 Ϯ 0.5-fold larger than after 5 msec depolarizations, whereas expressed Ca 2ϩ channel tail currents were 6.2 Ϯ 1.7-fold larger (Fig. 3C ). Although the activation kinetics of native and expressed channels are similar for modest depolarizations, the time-dependent increase in tail current am- plitude as the duration of pulses to ϩ80 mV was increased followed different time courses (Fig. 3C) . For native cells, tail currents continued to increase with pulse durations up to 75 msec. The amplitudes of the tail currents for the expressed channel increased more rapidly with depolarization duration but approached a maximum beyond 30 msec (31 Ϯ 16% increase from 75 to 100 msec; six cells).
Normalized for capacitance, the tail currents after 75 msec depolarizations to ϩ80 mV from tsA-201 cells expressing the cloned Ca 2ϩ channel were approximately half as large as those of native Ca 2ϩ channels in skeletal muscle cells (99 Ϯ 26 pA /pF for expressed, 214 Ϯ 66 pA /pF for native). If native and expressed channels have a similar probability of being open at this time, these numbers indicate that there are about half as many channels Figure 2 . Voltage-dependent properties of native and expressed Ca 2ϩ channel tail currents. Native and expressed channels were activated during 500 msec depolarizations ranging from Ϫ40 to ϩ80 mV in 10 mV increments. Tail currents reflecting channel deactivation were recorded on repolarization to the holding potential of Ϫ80 mV. Native channels were recorded in the absence of Bay K 8644, whereas the expressed channel was recorded in the presence of 10 M Bay K 8644. A, The amplitude of both native (left) and expressed tail currents (right) increased progressively as the magnitude of depolarization increased. The native currents were obtained from a single cell after depolarizations ranging from Ϫ40 to ϩ80 mV and are representative of results from nine similar experiments. The expressed currents are the mean data from 28 cells after depolarizations ranging from Ϫ10 to ϩ80 mV. B, Currents from the same cells shown in A were scaled to compare the time course of channel deactivation. Tail current time course progressively slowed as the magnitude of depolarization increased. C, Voltage dependence of peak tail current amplitude (open triangles) and single-exponential decay time constant ( filled circles) are compared in native (left) and expressed (right) channels. Data represent means (ϮSE) from 9 and 28 cells, respectively.
per unit membrane area expressed in tsA-201 cells as there are native channels in 129CB3 cells.
The rate of tail current decay was fit approximately by a single exponential as shown by the dashed lines in the examples (Fig. 3A,B) . The fit to a single exponential was exact for smaller tail currents but was only approximate for the largest ones, possibly because the voltage clamp was not precise for the largest tail currents. The mean time constants of tail current decay at Ϫ80 mV after 5 msec depolarizations were similar for the native ( ϭ 2.9 Ϯ 0.4 msec) and expressed channels ( ϭ 3.6 Ϯ 1.2 msec) (Fig. 3C,D) . Tail current decay time constants for both native and expressed channels increased for depolarizations between 5 and 75 msec (Fig. 3D ). Native tail current slowed 7.3 Ϯ 2.1-fold between 5 and 75 msec depolarizations, whereas the tail current of the expressed channel slowed 4.4 Ϯ 1.1-fold over the same range. Longer depolarization (500 msec compared with 75 msec) slowed tail current decay 52% more in native channels and 14% more in expressed channels. Although the absolute values of the time constants were different for the native and expressed channels, the time course of slowing with longer depolarizations was similar.
Effect of the dihydropyridine agonist Bay K 8644 on tail currents
Because Bay K 8644 was required to study the expressed Ca 2ϩ channel, its effects on the depolarization-induced slowing of tail current were investigated. Examples of Bay K 8644 application (10 M) to both native and expressed channels are shown in Figure 4 A. Bay K 8644 both increased and slowed the decay of tail currents through native Ca 2ϩ channels in skeletal muscle cells and through expressed Ca 2ϩ channels. Tail current through native channels measured after a 100 msec depolarization to ϩ60 mV increased 2.8 Ϯ 0.3-fold in five cells and slowed 6.5 Ϯ 3.4-fold (from ϭ 4.3 msec to ϭ 28 msec) in the presence of Bay K 8644. Tail currents through expressed channels in three cells increased 7.7 Ϯ 3.5-fold and slowed 6.1 Ϯ 1.9-fold (from ϭ 1.9 msec to ϭ 11.5 msec).
To determine the effect of Bay K 8644 on the depolarizationinduced slowing of tail current, tail currents through native Ca 2ϩ channels were compared in the absence and presence of Bay K 8644. In the absence of Bay K 8644, tail current amplitude (Fig.  4 B) and decay time constant (Fig. 4C ) increased nearly linearly with increasing pulse duration. Substantially larger and slower tail currents were observed in the presence of Bay K 8644 (Fig. 4 B,C) , but the fold increase was similar in the presence or absence of the drug. Tail current amplitude increased 9.3 Ϯ 1.1-fold as the pulse duration increased from 5 to 75 msec compared with 9.5 Ϯ 4.2-fold in Bay K 8644 (Fig. 4B) . The decay time constant of tail currents increased 6.4 Ϯ 0.7-fold over the same range of pulse durations compared with 7.3 Ϯ 2.1-fold in Bay K 8644 (Fig. 4 C) . Thus, in spite of its large effects on the absolute amplitude and decay time constant of tail currents, Bay K 8644 did not significantly alter the relative increase in tail current amplitude or time constant caused by increasing the duration of the test depolarizations.
Modulation by cAMP-dependent phosphorylation
To examine the effect of stimulation of PKA on cloned skeletal muscle Ca 2ϩ channels, the membrane-permeant nonhydrolyzable cAMP analog cBIMPS was used (Sandberg et al., 1991) . Application of 25 M cBIMPS greatly stimulated both native and expressed currents. Figure 5 shows examples of Ba 2ϩ currents through native (A) and expressed (B) skeletal muscle Ca 2ϩ channels before and 3 min after application of cBIMPS. Peak Ca 2ϩ channel current-voltage relationships were shifted toward negative potentials in the presence of cBIMPS for both the native (Fig.  5C ) and expressed ( Fig. 5D ) skeletal muscle Ca 2ϩ channels. In many of the 129CB3 cells expressing native Ca 2ϩ channels, the effect of cBIMPS was transient and dissipated after several minutes (Fig. 5C ). This reversal of the effect may have been attributable to phosphatase activity, because it was prevented by phosphatase inhibitors (data not shown). No such reversal was observed for skeletal muscle channels expressed in tsA-201 cells. PKA stimulation increased expressed current by 127 Ϯ 55% in tsA-201 cells (n ϭ 10 cells). Application of cBIMPS had no effect on membrane capacitance in either cell type.
Effect of PKA stimulation on tail currents
As expected from the increased Ca 2ϩ current during depolarizing test pulses in the presence of activators of PKA (Fig. 5) , cBIMPS increased native Ca 2ϩ channel tail currents 2.2 Ϯ 0.5-fold in six cells and increased tail currents through expressed channels 3.5 Ϯ 0.6-fold in 16 cells (Fig. 6 A) . The time course of the increase in tail current amplitude after depolarizing pulses of increasing duration was accelerated substantially by cBIMPS (Fig. 6 B) . Tail current amplitudes for native Ca 2ϩ channels increased 5.3 Ϯ 0.6-fold in cBIMPS, comparable to the 6.4 Ϯ 0.7-fold increase observed under control conditions. For expressed channels, tail current amplitudes were already 6.5-fold larger after 5 msec pulses in the presence of cBIMPS and increased only 2.1-fold further with longer depolarizing pulses in the presence of cBIMPS. This is consistent with rapid activation of tail currents through the expressed channel in the presence of cBIMPS by the 5 msec time point.
As illustrated in Figure 3 , tail current decay was slowed progressively as the duration of the preceding depolarizing pulse was increased in control conditions. Activation of PKA with cBIMPS slowed the decay of Ca 2ϩ channel tail currents for all depolarization durations tested (Fig. 6C) . As depolarization duration was increased from 5 to 75 msec, the decay time constant increased 9.1 Ϯ 3.6-fold in the presence of cBIMPS compared with 7.3 Ϯ 2.1-fold in control for the native channel and increased 3.9 Ϯ 0.5-fold in the presence of cBIMPS and 3.4 Ϯ 0.5-fold in control for the expressed channel. Thus, although cBIMPS resulted in slower tail currents for both native and expressed channels, the Figure 4 . Effect of Bay K 8644 on tail currents. A, Tail currents from native and expressed Ca 2ϩ channel are shown before and after application of 10 M Bay K 8644. Tail currents result from 100 msec depolarizations to ϩ60 mV followed by repolarization to Ϫ80 mV and are traces from single cells representative of three (Expressed) or five (Native) similar experiments. B, C, The mean time-dependent increases in tail current amplitude (B) and decay time constant (C) were determined for native channels in the absence (circles, six cells) and presence (squares, nine cells) of Bay K 8644. Tails currents were measured at Ϫ80 mV after depolarizations of the duration indicated on the abscissa to ϩ80 mV. relative slowing induced by prepulses remained similar after PKA stimulation by cBIMPS.
Effect of PKA inhibition on tail currents
The quantitative differences between the effects of prepulses and treatment with cBIMPS on native and expressed Ca 2ϩ channels may be attributable to different levels of endogenous phosphorylation in tsA-201 cells in comparison to native myocytes. To assess the importance of basal phosphorylation, the specific inhibitor of PKA, PKI (5-24) amide (10 M), was included in the patch electrode saline when recording from skeletal muscle cells in the absence of Bay K 8644 or from cloned Ca 2ϩ channels expressed in tsA-201 cells in the presence of 10 M Bay K 8644. Tail currents were measured after depolarizations of increasing duration to ϩ80 mV. Examples of these recordings are shown in Figure 7A ,B. The tail current amplitude increased normally with pulse duration in the presence of PKI (Fig. 7D) ; however, this was not accompanied by the strong slowing in the decay time constant of the tail currents that was observed in control (Fig. 7E) . The increase in decay time constant with prepulses of increasing duration was substantially reduced by PKI for expressed channels and eliminated for native channels (Fig. 7E) .
The absolute amplitudes of tail currents measured after 5 msec depolarizations were reduced in PKI by 67% in skeletal muscle cells (359 Ϯ 150 pA to 117 Ϯ 43 pA) and by 84% in the tsA-201 cells expressing cloned channels (335 Ϯ 141 pA to 54 Ϯ 16 pA). Surprisingly, the decay time constants of these smaller tail currents recorded after short depolarizations in the presence of PKI were not significantly different from those measured in control cells (native control: 0.85 Ϯ 0.28 msec, six cells; native PKI: 0.57 Ϯ 0.15 msec, four cells; expressed control: 2.9 Ϯ 0.4 msec, 23 cells; expressed PKI: 3.4 Ϯ 1.0 msec, four cells). Only the slowing observed with increasing prepulse duration was affected. This suggests that basal phosphorylation of the channel does not alter tail current kinetics and that the phosphorylation event that slows tail currents after strong prepulses is distinct from the one that maintains channel activity. Experiments with PKI also provided an opportunity to examine whether the effects of cBIMPS on Ca 2ϩ channel function were entirely dependent on PKA activation. One example of three experiments in which skeletal muscle cells perfused with PKI were exposed to cBIMPS is shown in Figure 7C . cBIMPS application in the presence of PKI decreased tail currents by 13 Ϯ 14% and had no effect on the current time course. Thus, the effects of cBIMPS on Ca 2ϩ channel function are attributable entirely to activation of PKA. 
Role of PKA anchoring in Ca
2؉ channel modulation
Previous work on time-and voltage-dependent potentiation of skeletal muscle Ca 2ϩ channel activity revealed that anchoring of PKA near Ca 2ϩ channels was required for rapid modulation by voltage-dependent phosphorylation (Johnson et al., 1994) . PKA is localized through association of the cAMP-binding regulatory subunit RII with AKAPs (Scott and McCartney, 1994) . A peptide containing the critical RII-binding region of a human thyroid AKAP, Ht 31, dissociated RII from all known AKAPs (Carr et al., 1992) . AKAPs are present in all tissues studied, including kidney, from which tsA-201 cells are derived. Moreover, blot overlay assays with labeled RII revealed several AKAP bands in protein extracts of tsA-201 cells (P. C. Gray, W. A. Catterall, B. J. Murphy, unpublished results). Because modulation of the cloned skeletal muscle Ca 2ϩ channel expressed in tsA-201 cells was time-and voltage-dependent and required phosphorylation by PKA as in skeletal muscle cells, these results suggested that PKA might also be anchored to AKAPs in this heterologous expression system. We used the Ht 31 peptide to detect the involvement of AKAPs in the timedependent slowing of tail currents of expressed Ca 2ϩ channels. Ht 31 reduced the slowing of tail current deactivation to a level not significantly different from that measured in PKI (Fig. 8 A, compare with Fig. 7B ). As the preceding depolarization was increased from 5 to 75 msec, tail currents slowed 2.0 Ϯ 0.2-fold in the presence of 100 M Ht 31 in comparison with 2.2 Ϯ 0.3-fold in the presence of PKI and 4.5 Ϯ 1.1-fold in control (Fig. 8 D) . A higher concentration of Ht 31 (500 M) had no greater effect, suggesting that 100 M Ht 31 is a saturating concentration. In preliminary experiments, we have also studied the effects of N-terminal myristoylated Ht 31, which is expected to be more effective in inhibition of phosphorylation of membrane-bound substrates. A concentration of 1 M myristoylated Ht 31 is sufficient to prevent the slowing of tail currents in response to depolarizations of increasing duration (B. Johnson, J. Scott, T. Scheuer, and W. A. Catterall, unpublished results) . Together with the experiments with unmodified Ht 31 (Fig. 8) , these results support the conclusion that Ht 31 peptides act specifically to prevent Ca 2ϩ channel modulation by blocking PKA binding to AKAPs.
AKAPs require an amphipathic ␣ helix to bind to Ca 2ϩ channels, and insertion of proline residues disrupts the ␣ helix and prevents binding. To test the specificity of Ht 31, we analyzed the effects of Ht 31P, an identical peptide with proline residues substituted for isoleucines in positions 10 and 16 (Carr et al., 1992) . Tail currents were slowed normally by prepulses of increasing length in the presence of 500 M Ht 31P (Fig. 8 D) . These results support the conclusion that the effect of the Ht 31 peptide in reducing potentiation of Ca 2ϩ currents results from inhibition of AKAP interaction with PKA.
In contrast to experiments with PKI (e.g., Fig. 7C ), cells containing Ht 31 showed normal stimulation by 25 M cBIMPS (Fig.  8 B) . Application of cBIMPS to Ht 31-containing cells increased tail currents 3.4 Ϯ 0.6-fold in eight cells, compared with 3.6 Ϯ 0.5-fold in 25 control cells. cBIMPS also partially restored prepulse-dependent slowing of tail currents with a time course similar to that observed in control cells to which cBIMPS was applied (Fig. 8C,D, diamonds) . Unlike direct inhibition of PKA catalytic subunits with PKI, Ht 31 dissociates RII from its membrane-or channel-associated AKAP, effectively reducing the local concentration of PKA near the channel. cBIMPS application Figure 6 . Effect of PKA stimulation on Ca 2ϩ channel tail currents. cBIMPS (25 M) was used to stimulate PKA. A, Tail currents from native and expressed Ca 2ϩ channels are shown before and after application of cBIMPS. Tail currents were recorded at Ϫ80 mV after 100 msec depolarizations to ϩ60 mV and are traces from single cells representative of 5 (Native) or 16 (Expressed) similar experiments. B, C, The mean time-dependent increases in tail current amplitude (B) and decay time constant (C) in the presence of 25 M cBIMPS were determined after depolarizations to ϩ80 mV as the duration of the depolarizations was increased from 5 to 75 msec in 5 msec increments. Native Ca 2ϩ channel (three cells) and expressed Ca 2ϩ channel (six cells) are shown using the same symbols as in A.
evidently dissociates catalytic subunits from RII subunits throughout the cell and restores the local concentration of activated PKA near the Ca 2ϩ channel. These experiments support the specificity of the effects of Ht 31 because they can be overcome by general activation of PKA.
Our experiments indicate that the physical proximity between PKA and Ca 2ϩ channels found in skeletal muscle cells also occurs when the skeletal muscle Ca 2ϩ channel is expressed in a heterologous cell type and that this localization requires an endogenous AKAP (Fig. 8 E, top) . When PKA is generally activated, the requirement for AKAP binding is overcome by the high level of free activated PKA, and Ca 2ϩ channel regulation is restored (Fig.  8 E, bottom) . It is surprising that this result is observed in a heterologous cell type that does not usually express Ca 2ϩ channels. Evidently, the interactions necessary for AKAP localization of PKA near Ca 2ϩ channels are present in nonexcitable cells, which do not express Ca 2ϩ channels.
DISCUSSION
Functional expression of the skeletal muscle L-type Ca 2؉ channel
Unlike the other cloned Ca 2ϩ channel ␣ 1 subunits, the ␣ 1 subunit of the skeletal muscle channel expresses poorly in Xenopus oocytes, and only small Ca 2ϩ or Ba 2ϩ currents are observed infrequently in stably transfected mammalian cell lines (Perez-Reyes et al., 1989; Lacerda et al., 1991; Varadi et al., 1991) . We demonstrate here that transient expression of cDNA encoding the ␣ 1 subunit of the skeletal muscle Ca 2ϩ channel with ␣ 2 ␦ and ␤ subunits in tsA-201 cells consistently yields voltage-gated Ba 2ϩ currents with a tail current density approaching that recorded from a skeletal muscle cell line. This is consistent with the high level of dihydropyridine binding to tsA-201 cells expressing skeletal muscle Ca 2ϩ channels (Peterson and Catterall, 1995) . This expression system gives Ca 2ϩ channel currents that are similar in Figure 7 . Effect of PKA inhibition on native and expressed Ca 2ϩ channel tail currents. The peptide PKA inhibitor PKI (5-24) amide (10 M) was included in the patch electrode saline and allowed to diffuse into the cell for 5 min before tail currents were measured. A, B, Tail currents measured at Ϫ80 mV in the presence of PKI from a 129CB3 skeletal muscle cell (A) and a tsA-201 cell expressing skeletal muscle Ca 2ϩ channels (B) after 5-75 msec depolarizations to ϩ80 mV in 5 msec increments. The smallest current in each series corresponds to the tail after a 5 msec depolarization, whereas the largest current was measured after a 75 msec depolarization. C, The PKA activator cBIMPS (25 M) was applied to a skeletal muscle cell containing PKI in this example representative of three experiments. Tail currents were recorded at Ϫ80 mV after 100 msec depolarizations to ϩ60 mV. D, E, The mean relative time-dependent increases in tail current amplitude (D) and decay time constant (E) in the presence of PKI were recorded at Ϫ80 mV after 5-75 msec depolarizations to ϩ80 mV in 5 msec increments. Native Ca 2ϩ channel was recorded in the absence of Bay K 8644 (control: circles, six cells; PKI: squares, four cells) and expressed Ca 2ϩ channel was recorded in the presence of 10 M Bay K 8644 (control: triangles, 23 cells; PKI: diamonds, four cells).
time course (Fig. 1 A-C ) and voltage dependence (Fig. 1 D) to those reported previously for acutely isolated preparations of skeletal muscle cells (Beam and Knudson, 1988; Gonoi and Hasegawa, 1988; Dirksen and Beam, 1995) , for expression of cloned Ca 2ϩ channels in dysgenic myotubes (Tanabe et al., 1988) , and for stable expression in mammalian cell lines (Perez-Reyes et al., 1989; Lacerda et al., 1991; Varadi et al., 1991) . The voltage dependence of activation of the expressed Ca 2ϩ channel was 10 -15 mV more positive than native mouse skeletal muscle Ca 2ϩ channels in 129CB3 cells or native rabbit skeletal muscle Ca 2ϩ channel (Johnson et al., 1994) , and the time course of activation was approximately threefold slower when measured in the presence of Bay K 8644 (Fig. 1) . The source of these differences is unknown but likely possibilities include cell type-specific differences in post-translational modification, differences in modulation by phosphorylation or G-proteins, and the absence of interacting muscle-specific proteins.
Ca 2ϩ channels expressed in tsA-201 cells also respond normally to dihydropyridine Ca 2ϩ channel modulators. Dihydropyridine binding to skeletal muscle Ca 2ϩ channels expressed in these cells has normal affinity, is enhanced by Ca 2ϩ similarly to native skeletal muscle Ca 2ϩ channels, and is inhibited by competition with the dihydropyridine agonist Bay K 8644 (Peterson and Catterall, 1995; Peterson et al., 1996) . Our results show that Bay K 8644 Figure 8 . Role of PKA anchoring in modulation of the expressed skeletal muscle Ca 2ϩ channel. A peptide derived from a human thyroid PKA anchoring protein, Ht 31, was applied at 100 M through the patch electrode to disrupt PKA anchoring. A, Tail currents measured in the presence of Ht 31 peptide in a tsA-201 cell expressing the skeletal muscle Ca 2ϩ channel. Tail currents were recorded at Ϫ80 mV after 5-75 msec depolarizations to ϩ80 mV in 5 msec increments. The smallest current in this series corresponds to the tail current from a 5 msec depolarization, whereas the largest current was measured after a 75 msec depolarization. This example is representative of five experiments. B, Tail currents from the expressed Ca 2ϩ channel exposed to Ht 31 are shown before and after application of 25 M cBIMPS. Tail currents followed 100 msec depolarizations to ϩ60 mV and are traces from a single cell representative of eight similar experiments. C, Example of voltage-dependent potentiation of the expressed Ca 2ϩ channel in the presence of Ht 31, before and after application of cBIMPS. Currents shown were recorded during 300 msec depolarizations to 0 mV. The smallest current represents a control trace in which no conditioning pulse was applied, whereas the two larger currents were preceded by a 200 msec depolarization to ϩ80 mV. A 20 msec recovery period at Ϫ60 mV separated the conditioning and test pulses. increased channel activity three-to sixfold, slowed deactivation six-to sevenfold, and shifted channel voltage dependence ϳ15 mV toward more negative potentials for both native and expressed channels. Bay K 8644 also induced voltage-dependent slowing of tail current that was resistant to inhibition of PKA activity by PKI or Ht 31 peptides (Figs. 7E, 8D ). Such voltagedependent modulation of channels in the presence of Bay K 8644 has been described previously and is thought to arise from dihydropyridine interaction with multiple channel open states (Nakayama and Brading, 1995; Fass and Levitan, 1996) . Although Bay K 8644 has strong effects, Ca 2ϩ channel activity is not stimulated and tail current deactivation is not slowed to an extent that occludes further increases caused by phosphorylation by PKA or potentiation by prepulses (Fig. 4) . influx (Curtis and Catterall, 1986; Flockerzi et al., 1986; Glossmann et al., 1987; Nunoki et al., 1989; Pelzer et al., 1989; Chang et al., 1991; Mundiña-Weilenmann et al., 1991a,b) . 45 Ca 2ϩ influx into cultured rat skeletal muscle cells is increased by PKAstimulating agents, including the ␤-adrenergic agonist isoproterenol and dibutyryl cAMP (Schmid et al., 1985) , and Ca 2ϩ channel current in frog skeletal muscle is increased 50 -70% on application of adrenaline, cAMP analogs, or activated PKA (Arreola et al., 1987; Kokate et al., 1993) . Our results show that PKA stimulation by cBIMPS increases current through both native and expressed skeletal muscle Ca 2ϩ channels two-to fourfold (Fig. 5 ) and increases the amplitude of tail currents by a similar factor (Fig.  6 A,B) . PKA stimulation slowed channel deactivation of both native and expressed channels (Fig. 6 A,C) . Inhibition of basal PKA activity by PKI decreased absolute tail current amplitudes and inhibited depolarization-induced slowing of tail current decay for both native and expressed channels (Fig. 7) . Thus, basal activity of PKA in skeletal muscle cells and in tsA-201 cells modulates Ca 2ϩ channels as it does in other cells (Armstrong and Eckert, 1987; Lory and Nargeot, 1992; Wang et al., 1993; Allen and Chapman, 1995) , and this basal activity is sufficient to slow deactivation of channels expressed in tsA-201 cells; however, this basal PKA activity is far from maximal, because PKA stimulation with cBIMPS causes large increases in current. Thus, in both skeletal muscle cells and in tsA-201 cells, the unstimulated level of PKA activity affects both prepulse-dependent potentiation and the overall level of Ca 2ϩ channel current such that bidirectional modulation of Ca 2ϩ channels by increases or decreases in PKA activity is possible.
Voltage-dependent potentiation of the cloned skeletal muscle Ca 2؉ channel
Activation of Ca 2ϩ channels in skeletal muscle cells is greatly enhanced after trains of short depolarizations or single longer depolarizations (Sculptoreanu et al., 1993b) . Similar strong depolarizations increased the amplitude of tail currents and slowed their decay severalfold for both native (Sculptoreanu et al., 1993b; Fleig and Penner, 1995) and expressed channels (Fig. 3) . Both prepulse-dependent potentiation (Sculptoreanu et al., 1993b ) and slowing of the tail currents were increased and accelerated by activation of PKA (Fig. 6 ) and reduced by its inhibition (Fig. 7) . These results are consistent with a model (Sculptoreanu et al., 1993b) in which phosphorylation by PKA during the depolarizing prepulses causes slowed decay of tail currents. The prepulsedependent slowing of channel deactivation is likely to be the basis for prepulse and frequency-dependent potentiation of skeletal muscle Ca 2ϩ channel current attributable to PKA phosphorylation (Sculptoreanu et al., 1993b; Johnson et al., 1994) . Similarly, incomplete deactivation is thought to underlie prepulsedependent speeding of activation in frog muscle (Feldmeyer et al., 1990 (Feldmeyer et al., , 1992 Garcia et al., 1990) . Potentiation of L-type Ca 2ϩ channels and slowing of their deactivation would increase Ca 2ϩ influx during tetanic stimulation of muscle, augment intracellular Ca 2ϩ (Arreola et al., 1987; Oz and Frank, 1991; Kokate et al., 1993; Sculptoreanu et al., 1993b) , and contribute to the increase in Ca 2ϩ release that is observed after ␤-adrenergic stimulation. Slowing of tail currents after depolarization in L-type Ca 2ϩ channels has been attributed to reopening of inactivated channels on repolarization (Slesinger and Lansman, 1991) , opening of new channels on repolarization (Artalejo et al., 1991; Fleig and Penner, 1995) , or mode-2 gating characterized by enhanced opening and slower closing (Pietrobon and Hess, 1990; Nakayama and Brading, 1993) . The latter two schemes predict a single, well defined second time constant in exponential fits to the decay of the tail currents. Attempts to fit our tail currents after pulses of increasing duration (Fig. 3A,B) with sums of two exponentials of fixed time constant did not reveal evidence for a second decay time constant. This is especially clear from tail currents of intermediate size where the fit to a single exponential is exact. Thus, adequate definition of the kinetic transitions underlying tail current slowing will require further study. Whatever its kinetic basis, our data demonstrate that heterologous expression of the skeletal muscle Ca 2ϩ channel ␣ 1s subunit yields channels whose deactivation tail currents are substantially slowed after strong depolarizations.
Molecular determinants of Ca 2؉ channel modulation by phosphorylation
Prepulse-dependent modulation of tail current decay kinetics occurs at basal levels of PKA activity (Figs. 6 C, 7E) , whereas large increases in Ca 2ϩ current amplitude (Figs. 5, 6B, 8B) require activation of PKA with cBIMPS. Thus, these two aspects of Ca 2ϩ channel function may be regulated by phosphorylation of distinct sites. At least four serines in the ␣ 1 subunit of purified skeletal muscle Ca 2ϩ channels are phosphorylated by PKA under various conditions (O'Callahan and Hosey, 1988; Röhrkasten et al., 1988; Lai et al., 1990; Rotman et al., 1992 Rotman et al., , 1995 . In addition, modulation of skeletal muscle Ca 2ϩ channels may involve protein kinases in addition to PKA (Ma et al., 1992; Gutiérrez et al., 1994) . The reconstitution of the major features of PKA modulation in a heterologous expression system described in this paper provides a tool for studying the molecular basis of skeletal muscle Ca 2ϩ channel modulation by PKA and other kinases.
Role of PKA anchoring in Ca 2؉ channel modulation by phosphorylation
A surprising result of this study was that kinase anchoring near the Ca 2ϩ channel, found previously to be critical for voltagedependent channel potentiation in skeletal muscle cells, was also reconstituted in this expression system (Fig. 8) . PKA is specifically localized to different cellular compartments through RII regula-tory subunit binding to AKAPs (Scott and McCartney, 1994) . Application of a peptide, Ht 31, which disrupts AKAP-RII binding (Carr et al., 1992) , was found in earlier experiments to reduce the activity of glutamate receptors in hippocampal neurons (Rosenmund et al., 1994) and to disrupt voltage-dependent potentiation of the skeletal muscle Ca 2ϩ channel in primary skeletal muscle cells and in the 129CB3 cell line used here (Johnson et al., 1994) . When the Ht 31 peptide was applied to the cloned skeletal muscle Ca 2ϩ channel transiently expressed in tsA-201 cells, timeand voltage-dependent slowing of tail current deactivation was reduced to a level not significantly different from that measured in PKI. PKA stimulation by cBIMPS still increased channel activity and partially restored voltage-dependent potentiation (Fig. 8 B-D) , indicating that Ht 31 reduces the local PKA concentration near the channel but does not inhibit PKA activity directly. Future experiments will determine whether PKA is specifically targeted to the Ca 2ϩ channel itself, implying that the Ca 2ϩ channel is an AKAP or an AKAP binding protein, or is simply concentrated at the plasma membrane by AKAPs.
